Chronic thromboembolic pulmonary hypertension (CTEPH) is a complication of unresolved organised pulmonary emboli/thrombi obstructing the major pulmonary arteries. The aim of this study was to estimate the incidence and risk factors of CTEPH in a cohort with first venous thromboembolism (VTE). This was a population-based cohort study of patients with first VTE and no active cancer in England between 2001 and 2012. CTEPH was assessed using a rigorous case-ascertainment algorithm. Risk factors for CTEPH were studied using a nested case-control approach by matching CTEPH cases to VTE patients without CTEPH. Adjusted odds ratios (OR) of comorbidities were estimated from conditional logistic regression. During 81,413 person-years of follow-up among 23,329 patients with first VTE (mean follow-up 3.5 years; maximum 11.0 years) 283 patients were diagnosed with CTEPH (incidence rate 3.5 per 1000 person-years); cumulative incidence was 1.3% and 3.3% at 2 and 10 years after pulmonary embolism, and 0.3% and 1.3% following deep vein thrombosis (DVT), respectively. Risk factors for CTEPH included age over 70, OR 2.04 (95% CI 1.23 to 3.38), female gender, 1.44 (1.06 to 1.94), pulmonary embolism at first VTE, 3.11 (2.23 to 4.35), subsequent pulmonary embolism and DVT, 3.17 (2.02 to 4.96) and 2.46 (1.34 to 4.51) respectively, chronic obstructive pulmonary disease 3.17 (2.13 to 4.73), heart failure 2.52 (1.76 to 3.63) and atrial fibrillation, 2.42 (1.71 to 3.42). CTEPH develops most commonly after pulmonary embolism and less frequently after DVT. Awareness of risk factors may increase referrals to specialised centres for confirmation of CTEPH and initiation of specific treatment.
Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a life-threatening condition caused by unresolved and organised pulmonary emboli/thrombi obstructing the major pulmonary arteries. The absence of thrombus resolution causes chronic obstruction with increased pulmonary vascular resistance, progressive pulmonary hypertension and right heart failure. Diagnostic criteria of CTEPH are a sustained elevation of mean pulmonary arterial pressure greater than 25 mmHg at rest that persists at least 3 months after effective anticoagulation for pulmonary embolism, and when one or more mismatched segmental or larger perfusion defects are detected by ventilation-perfusion lung scanning. 1, 2 Symptoms are usually non-specific and made worse by exertion. They are related to progressive right ventricular dysfunction and include dyspnoea, oedema, fatigue, weakness, angina and syncope, and less commonly haemoptysis. 3, 4 The true incidence of CTEPH is unknown. Classical estimates of the frequency of CTEPH, based on small samples with a mean follow-up of up to 3.5 years, refer to the number of CTEPH cases per survived pulmonary thromboembolic events, and the reported cumulative incidences range between 0.4% and 9.1% of pulmonary thromboembolic events. [5] [6] [7] [8] [9] [10] [11] [12] Incidence estimates vary and mainly depend on the inclusion criteria of the populations studied (most studies restricted to patients with acute pulmonary embolism), the duration of observation and whether the diagnostic process of CTEPH was triggered by clinical symptoms or routine screening. As 30% of patients with CTEPH have no history of venous thromboembolism (VTE), CTEPH may be undiagnosed and optimal treatment delayed. 13 CTEPH is associated with high mortality, particularly in the presence of serious comorbidities. 6, 14 Few studies have investigated risk factors for CTEPH, and population studies on the incidence, complications and risk factors of CTEPH are limited. 13, 15, 16 The objective of the present study was to estimate the incidence and mortality of CTEPH in a cohort with first (VTE) and to explore risk factors for CTEPH.
Methods

Design, study setting and participants
A population-based cohort study in patients with first VTE was conducted using data obtained from the subset of the UK Clinical Practice Research Datalink (CPRD), linked to the Hospital Episodes Statistics (HES) and to the Office for National Statistics mortality data. CPRD comprises data from $8% of the UK population and linkage to HES is available for $6% of the English population. CPRD is based on information documented in the primary care setting and includes demographics, medical history, symptoms and diagnoses recorded with Read medical codes, unstructured medical notes, letters to and from secondary care and prescriptions issued by the general practitioner (GP). HES include dates of hospital admission and discharge, primary and other main reasons for treatment recorded with ICD-10 codes, and surgical operations and procedures performed during hospital stay recorded with OPCS-4 codes. Office for National Statistics mortality data contain the date and cause of death recorded as ICD-10 in death certificates.
Study population
The study cohort of incident non-fatal first VTE was formed based on a previously described and validated algorithm. 17 Briefly, we identified all patients diagnosed for the first time with VTE between 1 January 2001 and 31 March 2012 and excluded patients with less than 1 year of medical history before cohort entry. In contrast to the previously published VTE cohort, the study period was extended until March 2012 and the study cohort was restricted to patients aged <85 years, to patients without active cancer at their first VTE (defined as recording for cancer or chemotherapy AE 90 days to first VTE) and to patients with at least 90 days of observation following the first VTE. The date of the first VTE defined the start of observation. Patients were followed until a recording of CTEPH, death, end of registration with the practice, start of active cancer episode or end of the study period (31 March 2012), whichever came first.
Definition of CTEPH
The primary study outcome was CTEPH. A case-ascertainment algorithm was developed based on the guidelines for the diagnosis and treatment of pulmonary hypertension (PH) [18] [19] [20] and expert clinical input, and then modified by an iterative approach following the manual review of case summaries. The CTEPH ascertainment algorithm included evidence of increased pulmonary artery pressure recorded at least 90 days after the initial deep vein thrombosis (DVT) or pulmonary embolism from three sources: (a) hospital-based information consisted of discharge diagnoses of PH, (b) GPbased information consisted of GP-based diagnoses of increased pulmonary artery pressure and PH-specific treatment and (c) anonymised electronic clinical notes with information of hospital and specialist letters and of mean pulmonary artery pressure of ! 25 mmHg; see Fig. 1 and online supplement for details.
Case summaries consisting of diagnostic procedures, symptoms, signs, diagnoses from primary and secondary care, in-hospital procedures and PH-specific medications, were reviewed by a clinical expert (A.P.), who was the final arbiter as to whether a potential case was ''no CTEPH'', ''possible'', ''probable'' or ''definite CTEPH''. The day of onset of CTEPH was the day when it became clear that the patient had chronic PH following a venous thromboembolism. Potential CTEPH events were excluded if there was a previous recording of any PH before the first episode of VTE, if there was no evidence of PH, if the clinical notes stated pulmonary venous hypertension, or if the PH was acute and resolved within 90 days of active anticoagulant therapy. Cases of PH were assessed as ''definite CTEPH'' if a pulmonary endarterectomy or lung transplantation was performed or deemed to have operable CTEPH; ''probable CTEPH'' if CTEPH was confirmed in an anonymised clinical letter, or when the hospital or GP-based diagnosis of PH was followed by use of prostacyclin, endothelin receptor antagonists, or of phosphodiesterase-5 inhibitors in the absence of a recording for erectile dysfunction. All remaining cases were assessed as ''possible CTEPH''.
Case-control selection
A nested case-control analysis among patients with first VTE was conducted to explore risk factors for CTEPH. For this purpose, a reference group per case of CTEPH was generated by randomly selecting up to 10 controls per case after matching on GP practice, calendar day of first VTE AE 1 year, and time between first VTE and index day (day of CTEPH).
Covariates
Covariates for the risk factor analysis included factors shown to be associated with CTEPH, including age, gender, body mass index (BMI), smoking status, type of first VTE (DVT or pulmonary embolism), source of diagnosis of first VTE (GP, clinical letter, hospital discharge) and recurrent VTE, and furthermore, various comorbidities, that is, asthma, chronic obstructive pulmonary disease (COPD), diabetes, heart failure (HF), hypothyroidism, inflammatory bowel disease, systemic sclerosis and systemic lupus erythematosus, defined from any hospital discharge or GP-based diagnoses, and atrial fibrillation (AF) defined with additional in-hospital procedures. 3, 11, 13 Splenectomy was defined from in-hospital procedures or GP recordings. Anticoagulation was identified using GP-issued prescriptions for oral anticoagulants, parenteral anticoagulants in therapeutic dose, and INR test results. All code sets were developed in collaboration with the clinical experts.
Data analysis
Crude age-and gender-specific incidence rates of CTEPH and incidence rates of CTEPH by time since first VTE were provided from the number of incident CTEPH cases divided by the cumulative person-years of the respective stratum in the VTE cohort.
Competing risk survival analyses accounted for mortality, cancer and recurrent pulmonary embolism as competing risks for the overall cumulative incidence of CTEPH following VTE and accounted for mortality and cancer for the cumulative incidence of CTEPH in the subset of patients with a recurrent pulmonary embolism.
All-cause mortality was estimated for all cases of CTEPH and compared with up to 10 patients with VTE, but without CTEPH, matched on gender, age, calendar day of first VTE AE 1 year, and time between first VTE and CTEPH. Competing risk survival analyses were conducted to estimate the crude all-cause mortality risk in those with CTEPH and the age-and gender-matched cohort, accounting for cancer as competing risk.
A case-control analysis was performed to estimate adjusted odds ratios (ORs) from conditional logistic regression models using all covariates as independent variables and CTEPH as the dependent variable. The covariate anticoagulation use was defined as any use of anticoagulants after the first VTE. While the main case-control analysis used controls matched from the GP practice, sensitivity analyses were conducted using age and gender-matched controls, by stratifying the main results on VTE type (DVT and pulmonary embolism), and by bringing the index day (day of CTEPH) 90 days forward to account for delays of the CTEPH diagnosis.
All statistical procedures were performed using the Stata MP Version 14.1 (StataCorp LP). The study protocol was approved by the Independent Scientific Advisory Committee (ISAC) for CPRD research, ISAC protocol 14_028MnAR.
Results
The incident VTE cohort consisted of 37,575 patients. After excluding patients with an age !85 years at first VTE (4523), patients with active cancer at first VTE (4354) and patients with less than 90 days of observation (5369), the incident VTE and at risk of CTEPH cohort comprised 23,329 patients with 81,413 person-years of follow-up (mean follow-up 3.5 years, maximum follow-up 11.0 years), 12,022 (51.5%) with DVT and 11,307 (48.5%) with pulmonary embolism, Fig. 1 . The mean age of the VTE cohort was 60.2 years, 59.4 for those with DVT and 61.1 for pulmonary embolism, and 48.9% were male with comparable sex ratios for pulmonary embolism and deep vein thrombosis, Table 1 .
The CTEPH algorithm identified 345 potential cases of incident PH more than 90 days after the first VTE (Fig. 1) . Patient summaries of all potential cases with any clinical notes indicative of PH were provided to a clinical expert in PH (A.P.) for review and assessment. The clinical expert confirmed the CTEPH diagnosis in 283 patients; 200 were assessed as possible, 83 as probable or definite, and 62 were excluded, Fig. 1 . The sensitivity of our CTEPH ascertainment algorithm without the manual review of the clinical expert was estimated at 85.8%, and the specificity at 99.2% (see online supplement for details on methodology of sensitivity and specificity calculation). The specificity of the algorithm including the manual review of clinical notes was 100%, as all false positives were excluded from the CTEPH cohort.
The overall incidence rate of CTEPH in VTE patients was 3.5 (95% confidence interval (CI): 3.1-3.9) per 1000 person-years, and similar in males and females. The agespecific incidence rate increased with age from 1.7 (95% CI 1.0-2.8) in patients 40-49 years of age to 5.7 (95% CI 4.3-7.4) in patients 80-84 years of age (Table 2 and supplementary Figure 1 ). Of all CTEPH cases following a first DVT, 42.9% were diagnosed within 2 years in contrast to 62.0% following an initial pulmonary embolism (Table 3) . When stratified by type of VTE, the incidence rate was 1.6 (1.3-2.0) per 1000 person-years following a DVT and 5.6 (4.9-6.4) following a pulmonary embolism. When stratified by time since VTE, the incidence rate of CTEPH peaked in the 91 to 182 days following the VTE 8.5 (95% CI 6.3-11.3) per 1000 person-years and then declined to 2.5 (2.1-3.0) after more than 2 years (Table 3) .
The overall cumulative 10-year incidence of CTEPH was 2.2% following any VTE, 3.3% after a first pulmonary embolism, and 1.3% following a first DVT. Cumulative 10-year CTEPH incidences were higher in the presence of a recurrent pulmonary embolism: 6.6% and 2.3% in those with a new pulmonary embolism following the first pulmonary embolism and DVT respectively (Fig. 2) .
The overall mortality rate in the 10 years following the first CTEPH diagnosis was 14.1 (11.1-17.5) per 100 personyears. Mortality rates peaked in the 90 days following the CTEPH diagnosis, at 32.7 (20.2-49.9) per 100 person-years and then decreased to 17.5 and 11.0 per 100 person-years after 91 to 365 days and 1 to 2 years after the initial VTE respectively ( Table 4) . The probability of mortality within 2 years was significantly higher in the CTEPH cohort compared with the control cohort matched on year of birth and gender, and was 26.8% compared with 8.1% in the matched VTE cohort without CTEPH (Fig. 3) .
The mean age of the 283 CTEPH patients was 68.2 years, and 79.2% were 60 years or older. Of the total, 130 (45.9%) were in men and 153 (54.1%) in women. The case-control analysis of 283 cases and 2356 GP practice-matched controls showed age over 70 to be associated with CTEPH compared with age below 50, OR 2.04 (1.23-3.38), while women had a borderline increased risk, OR 1.44 (1.06-1.94). Pulmonary embolism at first VTE with or without DVT was a strong risk factor for CTEPH, with an adjusted OR of 3.11 (2.23-4.35 erythematosus was not statistically significant, OR 2.79 (0.81-9.56) ( Table 5 ). The sensitivity analysis using patients matched on year of birth and gender showed consistent findings but a significantly increased risk of OR 3.66 (1.06-12.65) for systemic lupus erythematosus and a decreased risk of OR 0.60 (0.41-0.87) for asthma (Supplementary Table 1 ). The sensitivity analyses changing the index date to 90 days before the original index day and stratifying the main results by VTE type, that is, DVT and pulmonary embolism, showed consistent results (Supplementary Tables 2 and 3) .
Discussion
This study investigated risk factors for CTEPH in patients with VTE. The novel feature of our study is that we included DVT as opposed to just pulmonary embolism as in other studies. In this population-based longitudinal study with more than 10 years of observation of patients with first VTE and thorough search for CTEPH, we estimated an overall incidence rate of CTEPH of 3.5 (3.1-3.9) per 1000 person-years, with a peak in the 91 to 182 days following the first VTE. The overall cumulative incidence of CTEPH in the 10 years after the first pulmonary embolism was 3.3%, and following a first DVT was 1.3%. The probability of CTEPH is higher in those with a first or subsequent pulmonary embolism, but the risk of CTEPH is also present in those with a first DVT only, since 21.2% of patients with CTEPH were not found to have any history of pulmonary embolism.
Mortality rates for those with CTEPH at all time points were significantly greater compared with patients without CTEPH and peaked in the 90 days following the CTEPH diagnosis. This peak may indicate a higher prevalence of CTEPH in older ages and/or in patients with a high prevalence of associated medical conditions, and that those patients are less likely to be referred to one of the specialised centres for diagnostic workup and treatment. 8, 21 We found an association between the development of CTEPH and a first pulmonary embolism as the clinical manifestation of the first VTE and also with recurrent DVT and pulmonary embolism. We also found an association between splenectomy and CTEPH, as documented in previous studies. 13, 15 Our data indicate that COPD, AF and HF predict the risk of developing CTEPH.
It is known from post-mortem studies that pulmonary thrombosis is a common feature of COPD, particularly in the most damaged sections of the lung. This may not be diagnosed in life, where the diagnosis is more likely to be an acute exacerbation of COPD.
AF is associated with atrial clot which can lead to pulmonary embolism, particularly in the absence of therapeutic anticoagulation. Adherence in AF patients is low after the first 2 years of therapy. In addition there is a common association between ischaemic heart disease (IHD) and CTEPH. The IHD may lead to AF. Finally, there is a higher incidence of AF in PH, which is probably an association rather than a direct pathophysiological consequence and may physiologically be related to increased right atrial pressure. HF is associated with AF and stasis in the heart and circulation, both of which can predispose to the development of VTE.
Comparison with other studies
The overall probability of CTEPH following a pulmonary embolism in our study is within the range of the risk of CTEPH in other studies among patients with an acute pulmonary embolism episode of 0.4% to 8.8% after 2 to 10 years of observation. 5, 6, 8, 11, [22] [23] [24] [25] [26] The overall 2-year mortality from the date of the first CTEPH diagnosis between 2001 and 2012 was 26.8% in our study, compared with approximately 23% in non-operated CTEPH in the UK National Audit of Pulmonary Hypertension (NAPH) for patients diagnosed after 2009 with CTEPH. 27 The discrepancy between our data and the NAPH may in part be due to an older age of our CTEPH patients (median age 72 years) compared with a mean age of 59 to 60 years in the NAPH. 27 It appears that younger and healthier patients with a potential diagnosis of CTEPH are preferentially sent to specialised centres for diagnostic workup and the availability of disease targeted drug therapy in recent years. This may indicate that some patients with advanced and severe CTEPH are not referred to specialist PH secondary care centres, thus being denied early initiation of CTEPH-specific treatment. Unlike previous studies, we did not find an association with hypothyroidism. 13 
Strengths and limitations
In those cases where information from right heart catheterisation was not available, a robust case-ascertainment algorithm was developed to identify CTEPH in patients with a first VTE using hospital discharge diagnoses, in-hospital procedures, non-invasive pulmonary artery pressures and specific medication use. The algorithm for ascertainment of CTEPH was initially based on published guidelines and expert clinical input. The validity of the algorithm was determined by a manual review of clinical notes available for a subset of potential CTEPH cases and revealed a sensitivity of 85.3%, and a specificity of 100% when the manual review process was integrated in the algorithm. However, we cannot rule out that the cohort might contain some patients with forms of PH other than CTEPH (e.g. pulmonary arterial hypertension, PH associated with heart or lung disease).
The risk factors have also been found in a sensitivity analysis using age and gender-matched controls in contrast to GP practice-matched controls in the main analysis and in a second sensitivity analysis using a different index day (i.e. moving the day of CTEPH diagnosis 90 days forward).
As in all observational studies, unmeasured confounding or hidden bias might exist. Because of the retrospective nature of this study, there were no uniform criteria for the diagnosis of CTEPH. Instead, an algorithm was developed to ascertain CTEPH from different data sources including in-hospital procedures such as pulmonary endarterectomies, hospital discharge diagnoses obtained from the HES, diagnoses and pulmonary artery pressure derived from clinical notes, and use of PH-specific medications. PH-specific medications other than oral anticoagulants must only be prescribed by designated PH services in the UK. Furthermore, secondary care information is not systematically recorded and/or provided in a standardised form to GPs. Often, specialist letters are sent as PDF-images to GPs which are not accessible for electronic free text search in CPRD. In such cases, PH-specific medications may not be found, and so cases of CTEPH may be missed, leading to an underestimation of CTEPH and of CTEPH treatment.
We have estimated the cumulative incidence of CTEPH in a cohort with first VTE and without active cancer. Therefore, our incidence estimate is not generalisable to the incidence of CTEPH in the population, as CTEPH resulting from clinically undetected VTE was not included in our study population. Approximately 30% of patients with CTEPH have no history of VTE. 13 In-hospital procedures, for example pulmonary endarterectomy or lung transplant, are likely to be recorded with respective procedure codes. The degree of under-recording of such procedures has not been estimated.
CTEPH may have an insidious onset and therefore it may take several months to develop and for the diagnosis to be established. During the workup to establish the diagnosis of CTEPH, patients often undergo a number of investigations including echocardiogram, ventilation-perfusion lung scanning and right heart catheterisation. The day of the established diagnosis will therefore not reflect the onset of CTEPH. However, to determine when the CTEPH became clinically apparent (index day), all cases of CTEPH were manually reviewed for symptoms which may have triggered the diagnostic workup. In addition, a sensitivity analysis using a 90-day shifted index day showed consistent results.
The clinical picture of CTEPH is not different from PH. To increase the likelihood of us detecting CTEPH and not PH from other causes we restricted the study cohort to patients with a first VTE. The fact that AF, left heart disease and COPD were found to be associated with CTEPH could indicate CTEPH cases in our study included PH from other causes (PH group 2 and 3), that VTE is an intermediate factor between the risk factors and CTEPH, or that patients with AF, HF and COPD could have PH due to left heart disease or lung disease with coincidental finding of perfusion defects and misdiagnosis of pulmonary embolism. The latter would have resulted in the misclassification of pulmonary embolism. However, the association between AF, HF and COPD and CTEPH was consistent in patients with a first DVT and patients with a history of pulmonary embolism.
Clinical implications and conclusions
This study is unique in that it uses a clinical guidelines-based algorithm to identify CTEPH patients from a primary care database linked with hospital and mortality data. CTEPH develops after pulmonary embolism but also, less frequently, after a diagnosis of DVT. COPD, AF and HF are associated with an increased risk of CTEPH after VTE. Awareness of frequent risk factors for CTEPH may increase the rate of diagnosis in primary and secondary care. Subsequent referrals to specialised centres for confirmation of CTEPH and initiation of CTEPH-specific treatment may improve prognosis.
